Franck-Condon analysis of laser-induced fluorescence excitation spectrum of anthranilic acid: Evaluation of geometry change upon S 0 S 1 excitation J. Chem. Phys. 130, 054307 (2009) The electronic and structural properties of retinal and four analogs were studied using semiempirical, ab initio Hartree-Fock, and density functional theory methods with the aim to evaluate the effects caused by some structural modifications in the ring bound to the polyenic chain and compared with the all-E-trans-retinal molecule. Therefore, some properties such as bond lengths, bond angles, atomic charges derived from electrostatic potential charges from electrostatic potential using grid based method as well as frontier orbitals of the polyenic chain were analyzed. Furthermore, the transition energies of the molecules were also calculated using the Zerner's intermediate neglect of differential overlap-spectroscopic, time-dependent Hartree-Fock, and time-dependent density functional theory methods. The results indicate that in spite of the structural modifications of retinal derivatives in comparison with all-E-trans-retinal, their properties seem similar. Thus, these molecules may behave similarly to all-E-trans-retinal and possibly be attempted in the search of novel molecular devices.
Quantum chemical study of electronic and structural properties of retinal and some aromatic analogs
The electronic and structural properties of retinal and four analogs were studied using semiempirical, ab initio Hartree-Fock, and density functional theory methods with the aim to evaluate the effects caused by some structural modifications in the ring bound to the polyenic chain and compared with the all-E-trans-retinal molecule. Therefore, some properties such as bond lengths, bond angles, atomic charges derived from electrostatic potential charges from electrostatic potential using grid based method as well as frontier orbitals of the polyenic chain were analyzed. Furthermore, the transition energies of the molecules were also calculated using the Zerner's intermediate neglect of differential overlap-spectroscopic, time-dependent Hartree-Fock, and time-dependent density functional theory methods. The results indicate that in spite of the structural modifications of retinal derivatives in comparison with all-E-trans-retinal, their properties seem similar. Thus, these molecules may behave similarly to all-E-trans-retinal and possibly be attempted in the search of novel molecular devices. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2354498͔
I. INTRODUCTION
Retinal has been studied for many years mainly due to its important role in biological events such as in the mammalian visual photoperception 1 which converts light into energy via photoactivated transmembrane proton pumping. 2, 3 Nowadays, the increasing interest in retinal and its derivatives is owing to the development of novel materials for the design of optoelectronic devices, which may be applied for optical memory storage as well as for construction of colorimage-recognition detectors. 3, 4 Retinal analogs have been also synthesized with the aim to study the structural and functional behaviors of rhodopsin because they could be used as artificial cofactors. 5, 6 In recent decades, the arrangement of manifold excited states of all-trans-retinal has been amply discussed in the literature. [7] [8] [9] [10] [11] The ordering of the low-lying excited states has been focused with special attention because they are directly involved into the primary photophysical process of vision. In some studies based in the all-E-trans-retinal fluorescence, three low-lying excited singlet states were reported: one S͑n , * ͒ and two S͑ , * ͒ states. 7, 8, 10, [12] [13] [14] However, the order of the states above has been a matter of controversy. Actually, one knows that the aldehyde group is responsible for the lowest S 1 ͑n , * ͒ excited state in nonpolar solvents, whereas the S͑ , * ͒-type electronic transitions are related to the polyenic chain. 11, 15 Quantum chemical calculations have been often successfully applied to the study of biological 16 and chemical 17 systems to supply description of their electronic and structural properties and also to obtain some understanding concerning their behavior. Therefore, this knowledge may be used to improve their performance or to produce novel compounds.
We studied four analogs of retinal with polycyclic aromatic and coumarinic substituents, which were synthesized by Ivanova et al., see Fig. 1 . 6 According to these authors, these derivatives could be used in molecular optoelectronic devices for storage of optical information. In an attempt to evaluate the electronic and structural modifications in the polyenic chain of these molecules, quantum chemical calculations were performed using semiempirical, ab initio Hartree-Fock, and density functional theory methods. In addition, the electronic absorption spectra ͑UV͒ of the molecules in the vacuum were calculated using the configuration interaction ͑CI͒ methodology with single excitations, as implemented in the Zerner's intermediate neglect of differential overlap-spectroscopic ͑ZINDO/S͒ routine. Moreover, with the purpose of analyzing the agreement between different methodologies for the calculation of electronic absorption spectra, we also show the results obtained using time-dependent Hartree-Fock ͑TD-HF͒ method and timedependent density functional theory ͑TD-DFT͒. 18, 19 
II. METHODOLOGY
Preliminary optimizations of all structures were obtained using the semiempirical AM1 ͑Ref. 20͒ and PM3 ͑Ref. 21͒ methods. Further, we used the ab initio HF method and Pople's basis sets 3-21G, 6-31G, and 6-31G͑d , p͒, applying the hierarchical methodology of basis sets 22, 23 for the calculations of molecular properties. In order to compare the efficacy of the results calculated with the Hartree-Fock method, we also performed calculations using the B3LYP hybrid functional 24 and the basis set 6-31G͑d , p͒. All calculations were accomplished using GAUSSIAN03 program. 25 The UV was calculated in the vacuum using the CI methodology implemented in the semiempirical ZINDO/S method, 26 performing single excitations in the active space from the 30 highest occupied orbitals and to 30 lowest unoccupied orbitals.
We chose the CI method with single excitations ͑ZINDO/S-CIS͒ because it has been used successfully in the literature for the analysis of organic molecules. 16, 17, 27 In this way, we calculated the UV spectra of molecules using completely semiempirical methodologies ZINDO-CIS ʈ AM1 and ZINDO-CIS//PM3. Furthermore, we evaluated the UV spectra of molecules using the ZINDO-CIS method from optimized structures of retinal and analogs obtained using both HF/ 6-31G͑d , p͒ and B3LYP/ 6-31G͑d , p͒ methods.
TD-HF and TD-DFT methods were also used to calculate the transition states of all molecules in the study. Hence, the optimized structures from the B3LYP hybrid functional were afterward used to calculate the transition states using the TD-B3LYP method ͑TD-DFT//DFT͒; in both calculations the 6-31G͑d , p͒ basis set was used. Likewise, the optimized structures calculated using the HF/ 6-31G͑d , p͒ were later used in the TD-HF/ 6-31G͑d , p͒ calculations ͑TD-HF//HF͒.
III. RESULTS AND DISCUSSION

A. Bond lengths, bond angles, and atomic charges
The bond lengths and bond angles for the all-E-trans-retinal molecule were calculated with methods indicated in the Sec. II, and compared with crystallographic results reported by Hamanaka et al., 28 with the aim to evaluate the performance of this methods for the calculations of these properties. Our results show that, in general, all methods presented similar behavior, as shown in Fig. 2 , and are satisfactorily in agreement with the crystallographic data. In addition, the analyses of root-mean-square error ͑RMSE͒ confirm that all methods used equivalently predict these properties for the all-E-trans-retinal molecule ͑see Table I͒. Intending to better understand the effects of the structural modifications on retinal analogs in comparison with the all-E-trans-retinal, we studied the bond lengths, bond angles, and atomic charges derived from electrostatic potential ͓charges from electrostatic potentials using a grid based method ͑CHELPG͔͒ of the polyenic chain of the molecules using HF and DFT methods due to their theoretical rigor.
The results obtained for the bond lengths and bond angles for the four retinal derivatives, Fig. 3 , indicate that the bond lengths and bond angles of the polyenic chain were not substantially affected by the structural modifications, in comparison with the all-E-trans-retinal values.
In general, it is interesting to observe in Fig. 4 that HF and DFT methods show similar qualitative behavior concerning the atomic charge distribution along the polyenic chain. In this way, we may suppose that the structural changes of retinal analogs have no significant effect on the atomic charges of the polyenic chain in comparison with the all- E-trans-retinal; exceptions are the C 7 atoms immediately bound to the rings, in which structural changes induce negative charges. However, analyzing the magnitude of the values we observed some differences between both methods employed here.
B. Frontier orbitals
In this section we analyze the behavior of frontier orbitals of the molecules, considering that the valence electrons are important to determine the lowest-energy electronic pathways of many chemical processes and the energetic separation of frontier orbitals is often interesting in deducting rates of transitions and reactions. 29 The frontier orbitals are important for the electronic structure study of the retinal and its derivatives mainly because they are the first to be involved in the incidence of light. Besides, the absorption band shift of conjugated systems is in straightforward manner related to the energy gap ͑E GAP ͒, highest occupied molecular orbital-lowest unoccupied molecular orbital ͑HOMO-LUMO͒ difference. 30 The Hartree-Fock orbitals have some support for physical meaning in Koopmans' theorem for the energy of the highest levels. 22, 31, 32 According to definition, the Kohn-Sham orbitals calculated from a not exact functional have no direct physical meaning. This is certainly a controversial matter which has had different standpoints for many years. 19, 31, 33 Thus, without giving emphasis on theoretical details because it is not the purpose of our paper, the frontier orbital energies shown in Table II were calculated using the methods commented in Sec. II.
The increasing sequence of the HOMO energies calculated using HF method is C Ͻ A Ͻ B Ͻ D Ͻ E and using DFT method is C Ͻ B Ͻ A Ͻ D Ͻ E, as shown in Table II . On the basis of the Koopmans' theorem, this states that ionization potentials may be approximated by the negative of orbital energies obtained from a Hartree-Fock calculation, for closed shell molecules. Thus, the negative of energy of the HOMO of neutral species may be approximately related to the first ionization energy, i.e., the energy needed to remove an electron from that orbital, which is also known as vertical ionization potential. 22, 31, 32 The E GAP for the molecules calculated with HF and DFT methods show similar tendencies; however, we observe substantial differences concerning the magnitude of their values, as shown in Table II .
The representations of the frontier orbitals calculated with the HF method using the 6-31G͑d , p͒ basis set are shown in Table III . The analysis of these results indicates that the electronic densities and the shape of frontier orbitals in the polyenic chain were maintained, in comparison with   FIG. 4 . Atomic charges derived from electrostatic potential ͑CHELPG͒: ͑a͒ calculated using the Hartree-Fock method and 6-31G͑d , p͒ basis set and ͑b͒ calculated using B3LYP functional and the same basis set.
FIG. 3.
Bond lengths of polyenic chain calculated for the retinal and derivatives: ͑a͒ using the Hartree-Fock method and 6-31G͑d , p͒ and ͑b͒ using the B3LYP functional and the same basis set. Bond angles along the polyenic chain calculated for the retinal and derivatives: ͑c͒ using the HF/ 6-31G͑d , p͒ and ͑d͒ using the B3LYP functional and the same basis set.
the all-E-trans-retinal orbitals; in addition, we also notice significant electronic contributions of some ring atoms.
Retinal acts as an electron-withdrawing moiety when it reacts with the opsin protein; in this way the LUMO of the retinal derivatives should have the same behavior as the LUMO of retinal to perform a similar function. Analyzing Table III , we observe that the main characteristics of the retinal for the LUMOs were preserved in the retinal analogs studied; in other words, the probability of density of the LUMO in the polyenic chain was maintained. Table II also shows that the eigenvalues of LUMOs of polycyclic aromatic derivatives have smaller deviations than coumarin analogs, in comparison with all-E-trans-retinal.
C. Electronic absorption spectra
The all-E-trans-retinal ͑a͒ is a chromophore which has a maximum wavelength ͑ max ͒ of the main absorption band approximately at 381 nm. 6, 34, 35 As mentioned in Sec. I, some experimental studies on the all-E-trans-retinal molecule suggested that there are three low-lying excited singlet states: the first singlet state ͑n , * ͒ and other two ͑ , * ͒ subsequent singlet states. 7, 8, 10, [12] [13] [14] However, we must take into account that both polarities of the solvent and temperature affect directly the displacement of these bands because it might cause interchanges between the excited states. [8] [9] [10] 24 According to the classical theory of the interaction of light with molecules, the theoretical oscillator strength f is related to the extinction coefficient of absorption by the expression 
dv . ͑1͒
Tables IV and V show the theoretical wavelengths and oscillator strength for the main singlet transitions states of the molecules, calculated using the methodologies indicated in Sec. II, and also show the experimental maximum wavelengths obtained in methanol reported in Refs. 6 and 34.
Hutchison et al. reported that ZINDO/S-CI//DFT gives better excitation energies than ZINDO/S-CI//HF, 27 and the results shown in Tables IV and V confirm this statement. Hence, we only plotted in Fig. 5 the UV spectra obtained using ZINDOS-CIS/ / B3LYP/ 6-31G͑d , p͒. As shown in this figure, the structural changes induce a slight bathochromic shift ͑redshift͒ of the characteristic band, in comparison with the all-E-trans-retinal.
As discussed in the Sec. III A, we observed some differences between the CHELPG atomic charge values calculated using the HF and DFT methods. Atomic charges are directly related to the dipole moment, which is associated with the electronic absorption spectrum, as demonstrated by Mulliken. 36 Thus, we presume that this may be the reason of the difference in displacements of wavelengths calculated using the ZINDO/S-CIS method from structures optimized with the HF and DFT methods, see Table IV. The extremely weak transition S͑n , * ͒, forbidden by symmetry and allowed by spin, with oscillator strength of approximately 10 −4 , was found in all spectra calculated with ZINDO/S-CI method, Table IV , and it is due to the lone pairs of the aldehyde group localized at the end of the chains. In this way, our study confirms the earlier theoretical semiempirical and experimental spectroscopy studies of retinal. 3, 7, 10, 14, 37 The polyenic chains are responsible for the ͑ , * ͒-type transitions. Our calculations also confirmed that one of these low-lying ͑ , * ͒ transitions has strong oscillator strength while the other one has a small oscillator strength, as shown in Table IV and in the literature.
12,38
The results shown in Table IV seem to indicate good agreement with the experimental data concerning to the or- TABLE IV. Experimental and theoretical main absorption wavelengths of retinal and derivatives. The methodologies used in the calculations were ZINDO/ S-CIS//AM1, ZINDO/S-CIS//AM1, ZINDO/ S-CIS/ / HF/ 6-31G͑d , p͒, and ZINDO/ S-CIS/ / B3LYP/ 6-31G͑d , p͒. Table V shows that both TD-HF and TD-DFT methods inverted the order of the first S͑n , * ͒ and S͑ , * ͒ transitions for all molecules, except for the molecule B when calculated using TD-DFT// DFT. Furthermore, comparing Tables II and IV we observe that the increasing order of E GAP ͑C Ͻ E Ͻ D Ͻ B Ͻ A͒ is similar to the order of S͑ , * ͒ transition energies, which is related to HOMO-LUMO transitions.
Thus, among all methodologies used to calculate UV spectra we consider the TD-HF/ 6-31G͑d , p͒ / / HF/ 6-31G͑d , p͒ less satisfactory. On the other hand, analyzing the results calculated using the ZINDO/S-CIS, Table IV , we observe that the smallest deviations of the theoretical wavelengths with respect to the experimental values were obtained using ZINDO/ S-CIS/ / B3LYP/ 6-31G͑d , p͒.
IV. CONCLUSIONS
To sum up, all methods used for the bond length and bond angle calculations are similar in accord with the RMSE. In addition, the population analyses ͑CHELPG atomic charges, bond lengths, and bond angles͒ suggest that the structural changes of retinal derivatives exhibit no significant effect in the polyenic chain.
Our results also indicate that the introduction of fluorophore groups decrease E GAP in comparison with the all-E-trans-retinal and prompt a slight bathochromic shift of the characteristic band which is probably due to the increase of electron density observed in the HOMO. Moreover, even with the structural changes of retinal derivatives we remark that the electron density of the LUMOs remains concentrated in the polyenic chain similarly to all-E-trans-retinal.
According to the results, the ZINDO/ S-CIS/ / B3LYP/ 6-31G͑d , p͒ methodology supplies better agreement between theoretical and experimental UV spectra than the other methodologies used. Therefore, we indicate this methodology for the predictions of unknown transitions states of novel retinal analogs.
Finally, as the electronic and structural results for the retinal analogs indicate to be similar to all-E-trans-retinal mainly in the polyenic chain, these molecules may behave similarly to all-E-trans-retinal and may be attempted in the search of novel molecular devices.
